To search for the signaling events in colorectal carcinoma relevant to its tumorigenesis, we investigated the activity of mitogen-activated protein kinase (MAPK) in human colorectal carcinoma tissues and paired normal tissues. Of 64 cases examined, approximately 75% (48 cases) showed tumor-specific activation of MAPK by in situ kinase renaturation assay, as well as in vitro kinase assay with immunoprecipitated MAPK. In addition, tumor-specific activation of MAPK was associated with the activation of MAPK kinase in the cases we examined. However, no clear correlation of MAPK activation with lymph node involvement, metastatic rate, stage, histological classification, age or sex was observed. These results suggest that the MAPK pathway is involved in colorectal tumor development, but its activation alone is not sufficient for malignant conversion. In contrast to colorectal carcinoma, gastric carcinoma tissues showed a lower rate of MAPK activation, suggesting that the signaling pathway activated in colorectal carcinoma tissues may differ in part from that of gastric carcinoma.
Mitogen-activated protein kinases (MAPKs) are serine/ threonine kinases activated in response to a variety of external signals. Various receptor tyrosine kinases, cytokine receptors, G proteins and oncogene products activate MAPKs [1] [2] [3] through phosphorylation by MAPK kinase (MEK). [4] [5] [6] [7] Thus, MAPKs are proposed to be a critical integrator of various signaling transduction systems. However, MAPKs appear to elicit opposite effects on cell growth. While MAPKs can stimulate tumorigenic growth in NIH3T3, activation of MAPKs is necessary and sufficient to induce neuronal differentiation in PC12 cells with concomitant arrest of cell growth. 8, 9) Thus, MAPKs appear to play a critical role in signaling, but have opposite effects on cell growth depending on the cellular context.
Tumorigenesis in human is a multistep process. 10, 11) Molecular events that underlie the process that can activate MAPK have been reported and some of these alterations appear to correlate with malignancy of the tumors. For example, point mutation of ras has been observed in a wide range of human cancers. 11) Activation of c-Src kinase was found in colorectal carcinoma. 12) Overexpression of erbB-2 was observed in a wide range of human cancers including breast, 13) ovarian, 14) gastric, 15) lung 16) and prostate, 17) and was associated with a poor prognosis. 13, 18) Our study showed that activation of tyrosine phosphorylation in lung cancer correlated with a poor prognosis. 19) Recently, we found that the Ras-MAPK pathway in ovarian cancer cells plays a critical role in the activation of matrix metalloproteinase-9 and invasion of the cells. 20, 21) Despite these observations, however, available evidence of the activation of MAPK in human cancer tissues is limited. Indeed, Atten et al. 22) reported that MAPK activity in human gastric adenocarcinoma was rather suppressed, though a high incidence of MAPK activation was observed in renal cell carcinomas. 23) Thus, evidence suggesting a role of MAPK in human tumorigenesis is scanty and contradictory compared to the numerous results accumulated through in vitro study.
To obtain more clues, we studied the activities of 41-and 43-kDa MAPKs (ERK2 and ERK1, respectively) and the activator, MEK, in surgically resected human colorectal carcinoma, compared with those of paired normal tissues. Here we show that colorectal carcinoma has a high incidence of MAPK activation in a tumor-specific manner, while gastric carcinoma showed a low incidence of activation as previously reported. 22) In addition, we present evidence that MEK of colorectal carcinoma is also activated in a tumor-specific manner.
MATERIALS AND METHODS
Tissues Tissue samples were obtained from surgical specimens of 64 patients diagnosed as colorectal carcinoma cases and 35 patients diagnosed as gastric carcinoma cases at the Nagoya University Hospital. Small amounts of resected tissues were frozen immediately with liquid nitrogen. Tumors were classified according to the histological subgroups recommended by the World Health Organization (WHO) and staged by the tumor-nodal involvement-metastasis (TNM) system.
Immunoblotting
Tissue lysates were prepared as described previously. 19) Frozen tissue samples were crushed into fine pieces, suspended in a buffer containing 2% sodium dodecyl sulfate (SDS) and 5% mercaptoethanol, and immediately homogenized. Lysates were boiled and stocked at −80°C. Assay of protein concentration, SDS-polyacrylamide gel electrophoresis (PAGE), and immunoblotting were described previously. 24, 25) In situ kinase renaturation assay Assay of MAPK activity by in situ kinase renaturation assay was performed as described previously. 26) Briefly, 50 µg aliquots of tissue extracts were subjected to 10% SDS-PAGE in gel containing myelin basic protein (MBP) (0.5 mg/ml) as a substrate for MAPK. After denaturation and renaturation, the kinase activity in situ was measured. Kinase assay with immunoprecipitated MAPK Preparation of tissue lysates and immunoprecipitation with antibody were described previously. 19, 24) Kinase assay was performed as described previously. 27) Briefly, frozen tissue samples were crushed into fine pieces, suspended in IP buffer (50 mM Tris-HCl [pH 7.5], 150 mM NaCl, 10 mM sodium pyrophosphate, 1 mM ethylene glycol bis(2-aminoethyl ether)tetraacetic acid [EGTA], 10 mM NaF, 1 mM sodium vanadate, 1 mM phenylmethanesulfonyl fluoride [PMSF] and 10 µg/ml aprotinin) and clarified by centrifugation. Ten micrograms aliquots of the supernatants were immunoprecipitated with 1 µg of anti-ERK2 antibody (Santa Cruz Biotechnology Inc.) as previously described. 19 After the reaction, immune complexes were boiled and subjected to 12.5% SDS-PAGE followed by autoradiography.
Assay of MEK activity with glutathione S-transferase (GST)-ERK2
GST-ERK2 plasmid was kindly supplied by Dr. K. Kaibuchi of Nara Institute of Science and Technology. GST-ERK2 fusion protein was purified from bacteria with glutathione Sepharose 4B as described previously. 28) MEK activity was assayed with GST-ERK2 protein as described previously. 27) Briefly, tissues were lysed in IP buffer with a homogenizer and clarified by centrifugation. MEK activity was determined by adding 10 µg of the supernatant to 30 µl of the kinase buffer containing 10 µCi of [ 32 P]ATP, 10 mM HEPES [pH 7.4], 10 mM MgCl 2 , 1 mM DTT and 5 µg of GST-ERK2. Reaction was performed at 30°C for 30 min, and samples were subjected to 10% SDS-PAGE followed by autoradiography. Statistical analysis Non-parametric statistical tests were used to evaluate all of our studies. The χ 2 test was used to assess the relationship between categorical variables and the tumor-specific activation of MAPK to calculate P-values. The relationships between ERK1 activity and ERK2 activity, and between in situ kinase assay and kinase assay with immunoprecipitated ERK2 were determined by Spearman rank correlation.
RESULTS

MAPK activity in colorectal tumor tissues
We first examined MAPK activities in colorectal tumor tissues by in situ kinase renaturation assay as described in "Materials and Methods." As shown in Fig. 1 , two phosphoproteins of 43 and 41 kDa were identified by this assay. By immunoprecipitation with specific antibodies, we confirmed that the 43-and 41-kDa proteins were ERK1 and ERK2, respectively. Of 64 cases examined, tumor tissues of 42 cases (65.6% of total) showed more than twofold higher activities of either or both of the ERKs than paired normal tissues. In 48 cases (75.0%), tumor tissues had more than 1.5-fold higher activities than paired normal tissues. Of 64 cases of colorectal tumor, 26 cases were Fig. 1) with typical tumor-specific activation of MAPK, ERK1 and ERK2 of tumor tissue showed 9.4-and 14.3-fold higher activities than those of paired normal tissues, respectively. We compared the relative rate of activation between ERK1 and ERK2 in cases that showed tumor-specific activation (Fig. 2) . Although the relative activation rates of ERK1 and ERK2 differed from case to case, they showed a statistically significant proportional correlation (P<0.0001). ERK2 showed 1.2-fold higher activity than ERK1 in general.
We next examined the steady-state levels of ERK2 expression in these tissues by immunoblotting with specific antibody (Fig. 3) . We found no detectable difference in ERK2 levels between tumor tissues and paired normal tissues, although the relative amounts of MAPK differed among the cases.
To confirm the tumor-specific activation of MAPK, we next examined ERK2 activity by in vitro kinase assay with immunoprecipitated ERK2 and MBP as described in "Materials and Methods" (Fig. 4A) . Because of the limited availability of tumor lysates and relatively large requirement of tumor lysates for kinase assay, we compared ERK2 kinase activity in 41 cases both by in situ kinase renaturation assay and by in vitro kinase assay with immunoprecipitated kinase (Fig. 4B) . We found a statistically significant proportional relationship between in situ kinase renaturation assay and in vitro kinase assay with immunoprecipitated ERK2 (P=0.0096), and confirmed the tumor-specific activation of ERK2 by in vitro kinase assay in most of the cases that showed activation by in situ kinase renaturation assay.
MEK activity in colorectal tumor tissues
Since MAPK activity is regulated by MEK, we examined MEK activities with recombinant ERK2 as a substrate (Fig. 5) . Although examined cases were restricted because of the limited availability of tumor lysates, we found that tumor tissue showed 3-to 10-fold higher activity of MEK than that of paired normal tissue in cases (case No. 1, 6 and 21) that showed tumor-specific activation. In contrast, activation of MEK was undetectable in cases (case No. 18 and 19) that showed no tumor-specific activation. MAPK activity in gastric tumor tissues We next examined MAPK activities in gastric tumor tissues by in situ kinase renaturation assay (Fig. 6A) . In contrast to colorectal tumor, only 6 of 35 cases examined (17.1%) showed more than 2-fold higher activation of MAPK in tumor tissues. There was no clear difference in MAPK Fig. 5 . MEK activities in colorectal carcinoma. MEK activities in paired normal (N) and colorectal carcinoma (T) tissues were assayed with recombinant GST-ERK2 as a substrate as described in "Materials and Methods" (A). Cases which showed tumor-specific activation of MAPK (cases 1, 6 and 21) and no specific activation (cases 18 and 19) were examined. Relative amounts of GST-ERK2 in each reaction were confirmed by Coomassie blue staining (B). expression between tumor tissues and paired normal tissues (Fig. 6B) . Thus, gastric carcinoma tissues showed a lower rate of tumor-specific MAPK activation than did colorectal carcinoma. We found that the differences in MAPK activation rate among colon, rectum and gastric tumor were statistically significant (Fig. 7) . MAPK activity and clinicopathological manifestations We examined the correlation of relative MAPK activities with clinicopathological manifestations of colorectal carcinoma as summarized in Table I . These tumors consisted of 3 well differentiated and 59 moderately differentiated adenocarcinoma, and 3 mucinous carcinoma, and were obtained from 44 male and 20 female patients with an age range of 22 to 91 years (average 62 years). We found that 42 carcinoma tissues (66%) showed more than twofold higher activation of MAPK compared with paired normal tissues, while 22 cases (34%) showed no specifc activation. Tumor-specific activation of MAPK was not associated with sex (P=0.58), lymph nodal involvement (P=0.52), metastasis rate (P>0.99), stage (P=0.73), histological classification or age (P=0.11).
DISCUSSION
Evidence has been accumulated that MAPK functions as a critical integrator of cell growth and differentiation.
In this report, we demonstrate a high frequency of tumorspecific activation of MAPKs in human colorectal carcinoma tissues both by in situ kinase renaturation assay and by in vitro kinase assay with immunoprecipitated MAPK. Of 64 cases of colorectal carcinoma that we examined, tumor tissues of 42 cases (65.6% of total) showed more than twofold higher activities of ERKs compared with those of paired normal tissues. MAPK activation is a result of the sequential activation of signaling molecules that consist of growth factors and their receptors, protooncogene products and kinases. We found that activation of MAPK in colorectal carcinoma tissues was associated with activation of MEK, although the availability of tumor tissues was limited. Our results suggest that constitutive activation of the MEK-MAPK signaling pathway is highly associated with tumorigenesis of colorectal carcinoma.
Several lines of evidence suggest that activation of the tyrosine kinase-Ras signaling pathway activates malignant conversion of tumor cells. Recently, we found 20, 21) that MAPK activation was involved in the activation of matrix metalloproteinase-9 and invasion of ovarian cancer cells. In contrast to these observations, however, we did not find any clear association of MAPK activation with the clinicopathological manifestations in the cases that we examined, although a high incidence of MAPK activation was observed. These results suggest that the MAPK signaling pathway may have multifarious roles in tumor cells depending on the cellular context. In colorectal carcinoma, activation of the MAPK pathway may be insufficient for malignant conversion, but may be required for the tumorigenic growth of the cells. Our results are consonant with the notion 11) that point mutation of k-ras is one of the early genetic changes widely observed in colorectal tumor.
In contrast to colorectal carcinoma, we found that only 6 of 35 cases of gastric carcinoma (17.1%) showed tumor-specific activation of MAPK. Our results are consistent with the previous report that MAPK activity is reduced in gastric adenocarcinoma. 22) It is tempting to argue that the signaling pathway activated in colorectal carcinoma may differ in part in terms of MAPK activation from that of gastric carcinoma. In gastric carcinoma, MAPK might have a more specific role than in colorectal carcinoma. In this report, however, we only examined the subtypes of MAPK, ERK1 and ERK2. In addition to these MAPKs, other types of MAPK as well as MAPK-independent pathways such as Jak-STAT have been identified. The activities of these signaling molecules in gastric carcinoma tissues remain to be examined.
